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ABSTRACT
The hydroamination of dimaleimides with diamines has been accomplished to access novel
polymers. Various dimaleamides and dimaleimides were synthesized from commercially
available diamines and maleic anhydride. The resulting dimaleamides were then ring-closed to
their respective dimaleimides either directly in the presence of acid or via the synthesis of mixed
amide-esters which then ring close in the presence of acid under heat. Hydroamination of the
dimaleimides with piperazine was accomplished in bulk at room temperature. The reaction is
spontaneous thus leading to the formation of polyimides with high functional group conversion
within minutes. The kinetics of the maleamides and maleimides was monitored via Nuclear
Magnetic Resonance spectroscopy (1H NMR). Endgroup conversion was determined by
integration of the signals unique to the dimaleimide (=CH) and the combined signal of monomer
and polymer from the connecting unit of the dimaleimide. Dimaleimides were characterized via 1
H NMR and Fourier Transform Infrared Spectroscopy (FTIR). The resulting polymers were
characterized via 1 H NMR. For the endgroup analysis, the amino endgroups were converted into
t-butylbenzoyl endgroups. A methodology was developed to calculate the numbers average
molecular weight (𝑀
̅
𝑛) from the ratios of endgroups and polymer signals.
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CHAPTER 1
INTRODUCTION
1.1 C-N bond Formation
Carbon-nitrogen bond formation has been a pivotal task in synthetic applications of
biochemistry and chemistry. C-N bonds are ubiquitous in amino acids and DNA bases as well as
biologically important compounds.1 Synthetic targets dependent upon C-N bond formation
include polypeptides, polymers, and pharmaceuticals. The use of N-based nucleophiles in
substitution reactions is fundamental in organic chemistry. A more exotic version uses aryl
halides. The Uhlmann coupling reaction was developed in the early 1900s. It relied on the use of
a Cu(I) catalyst to enable the reaction.2 While copper catalysts have been a widely available and
attractive metal-catalyst for C-N bond formation with low toxicity, other couplings reactions
were introduced as a means to address the harsh reaction conditions and limited substrate
scopes.2
In the 1990s, Buchwald and Hartwig reported an efficient protocol for palladium
catalyzed amination reactions. The Buchwald-Hartwig coupling reaction provided a synthetic
approach for the construction of C-N bonds, which involved the arrangement of aryl halides and
amines.3 This coupling reaction also paved the avenue for the reconstruction of the synthesis of
pharmaceutical agents as well as provided access to heterocyclic compounds, natural products,
and synthetic materials.3 Demange et al. investigated a synthetic route that employed the
Buchwald-Hartwig coupling reactions in the synthesis of novel CDK inhibitors to treat neural
diseases, pain signaling and cell migration. This reaction was accomplished by coupling
dichloropurine with various functionalized aminopyridines and pyrimidines (Scheme 1).4

Scheme 1. Buchwald-Hartwig coupling of 2-aminopyrimidine and dichloropurine.4

Another notable synthetic methodology for the construction of C-N bonds is the Michael
addition. Due to the atom economic, versatile, and selective nature of this reaction, it has gained
much attention within the last few decades. This reaction most commonly represents a conjugate
1,4-addition, in which a strong nucleophile adds to the β-carbon of an α,β-unsaturated carbonyl
compound.5 The Michael addition reaction is typically accomplished in the presence of a
Lewis/Brønsted acid or base. This reaction has been performed with functional groups
containing sulfur, oxygen, and nitrogen.6 Alkenes or alkynes are the substrates and typically
contain an electron-withdrawing group. The alkenes most commonly investigated are acrylates,
maleates, vinyl-ketones, acrylamides, acrylonitrile, and nitroalkenes.6,7 Michael additions with

12

thiols or enols often are spontaneous and require only acid or base catalysis. Oxa-Michael
reactions with alcohols are much trickier and require specific organometallic catalysts. The AzaMichael reaction is located in between those reactivities. The nature of the nitrogen compound
and alkene can have a dramatic influence on the reaction rate.
1.2 Aza-Michael Reactions
The Aza-Michael addition represents a straightforward route for the production of βamino acids or acid derivatives, nitriles, nitro compounds, or carbonyl compounds.8 These
classes are of interest in the synthesis of various bioactive compounds, antibiotics, and other
nitrogen-containing products such as kinase inhibitors.9 Hydroamination and hydroamidation are
the two common types of Aza-Michael addition reactions. These two reactions are typically
accomplished in the presence of a Lewis/Brønsted acid or base catalysts, which facilitate to
overcome the activation energies for these exothermic processes.
Hydroamidation and hydroamination can yield amines, enamines/imines, alkyl amides
and enamides that can be found in naturally occurring bioactive compounds, including drug and
mineral delivery systems.3 They can also be found in synthetic drugs, which are accessible
through both types of Aza-Michael addition reactions.10 In addition to providing access to
naturally occurring bioactive materials, there has been much interest in using this synthetic
technique for the production of other organic macromolecules.3
1.2.1 Hydroamidation
Hydroamidation proceeds with a primary or secondary amide and an electron-deficient
alkene or alkyne, which is conventionally accomplished in the presence of a base.3 In
comparison to amines, amides are much less nucleophilic. Hence, they are less reactive. This
reaction has been accomplished with alkanamides, imides and toslyamides but their synthetic
examples are few.10 Chen et al. reported on the use of base for hydroamidation in 1994. This
study employed the use of isatin and various acrylate derivatives with varying combinations of
solvents and base (Scheme 2).11 It was found that the base, solvent, and temperature greatly
influenced the reaction yield. A reaction accomplished at 25°C using KOH and DMF as solvent
achieved a yield of 72.5%. From this experiment, it was established that the solvent and base
combination had a distinct effect on the progression of the reaction.

Scheme 2. Hydroamidation of isatin derivatives with various acrylates.11
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An experiment conducted by Ahn et al. reported on the addition of lactams and
derivatives to acrylates with varying reactivities (Scheme 3). The CsF-Si(OEt)4 system was
found to be an optimal catalyst for the conjugate addition of lactams. The absence of siloxane
resulted in lower yields and longer reaction times. It was reported that the catalytic system served
two purposes: 1) generation of base to deprotonate the N-H of the lactam and 2) trapping of the
enolate to give the resulting silyl enol ether.12 Optimization of the reaction revealed that a 1:10
ratio was required to effectively enhance the reaction. It was observed that some reactions
occurred within 10 minutes with yields up to 98%. The addition of alkyl groups to the β-carbon
resulted in no observed reaction.12

Scheme 3. Hydroamination of ethyl acrylate by lactam.12

More recently, hydroamidation with less electron-poor alkenes/alkynes have been
accomplished. Meguro et al. reported on the intramolecular hydroamidation of tosylamide with
catalytic amounts of palladium complex to access pyrrolidine and piperidine products with yields
up to 87% (Scheme 4).13 It was found that acetic acid significantly increased the reaction rate
and promoted higher yields with the amide.

Scheme 4. Intramolecular hydroamidation of tosylamide catalyzed by a palladium complex. 13

Nguyen et al. reported on an excited-state iridium photocatalytic protocol for the olefin
hydroamidation of unactivated N-alkyl amides in preparation of y-lactams and cyclic N-acyl
amine derivatives.14 This reaction proceeded through transient amidyl radical intermediates
produced from proton-coupled electron transfer (PCET) activation of the N-alkyl amides strong
N-H bonds in the presence of a dialkyl phosphate base and thiol cocatalyst.14 the intramolecular
hydroamidation of amide 12 resulted in the formation of lactam 13 (Scheme 5). The yields
ranged in between 10% and 97%. A strong dependence of the yield on the nature of the thiol
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cocatalyst and base was detected. [Ir(dF(CF3)ppy)2(5,5’-d(CF3bpy)]PF6 was the most efficient
photocatalyst for the reaction.

Scheme 5. Intramolecular hydroamidation of amide 7 with photocatalyst [Ir(dF(CF3)ppy)2(5,5’-d(CF3bpy)]PF6.14

Another notable study conducted by Salprima et al. reported on the rhenium catalyzed
hydroamidation of unactivated terminal alkynes in the synthesis of (E)-enamides.15 They
accomplished a series of reaction that employed various cyclic amides and alkynes under reflux
in toluene with of Re2(CO)10 as the catalysts. One reaction employed the used of pyrrolidinone
14 in combination with 1-heptyne 15 in the presence of Re2(CO)10 in toluene under reflux
(Scheme 6).

Scheme 6. Hydroamidation of pyrrolidinone and 1-heptyne.15

This reaction afforded an 80% yield and a high stereoselectivity up to 99% for the E-isomer.
They also found that when a mixture of isomers was used under reflux in toluene in the presence
of Re2(CO)10, this resulted in the isomerization of the Z-isomer of 16 to an E-enamide over the
course of 72 hours. However, the rate of isomerization was slow and the investigations suggested
that the reaction proceeded in an E-stereoselective manner.15 In conclusion, this methodology
presented a novel development in employing rhenium catalysts for the construction of regio- and
stereoselective enamides in moderate to good yields.
1.2.2 Hydroamination
While there has been a growing number of examples for the employment of
hydroamidation as a method for C-N bond formation, hydroamination is the most common AzaMichael addition reaction that has been extensively investigated. It has been proven to be an
effective method for the formation of C-N bonds since the 1930s. When a non-activated
alkene/alkyne is used, a transition metal catalyst is often required to accomplish the addition.
Manzano et al. reported on the hydroamination of arylalkynes and alkylalkynes (17) with
hydrazine hydrate (18) in the presence of a gold catalyst at room temperature.16 A variety of
hydrazones with moderate to high yields, 31% to 92% (19a), were produced (Scheme 7).
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Scheme 7. Hydroamination with hydrazine and phenylacetylene.16

The development of a regio- and chemoselective intermolecular hydroamination in the
absence of an electron-poor directing group has proven to be a challenging problem, one that has
often been addressed by the use of organometallic catalysts.3 The intramolecular hydroamination
reaction is thermodynamically favored due to entropy. As a unimolecular reaction, it is also
typically faster than the intermolecular reaction following 2nd order kinetics. Intramolecular
hydroamination allows for the formation of five- or six-membered ringed N-heterocyclic
compounds. This reaction is particularly regioselective as a result of the close spatial proximity
between the amine and the multiple bond of the alkene or alkyne. The preference for the
formation of five- or six-membered rings is a major force. Wang et al. employed a
hydroamination step for the production of monomorine, which was one of the first natural
products to become available through a synthetic process.10, 17 This involved a formal synthesis
of swainsonine, an inhibitor of a variety of glycosidase enzymes that can result in anti-HIV and
anti-cancer activities. The intramolecular allene (20) hydroamination employing an Au-catalyst
(21) gave a resulting pyrrolo[2,3-f]indole derivative (22) as illustrated in Scheme 8. 17
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Scheme 8. Intramolecular hydroamination with Au-catalyst producing a pyrrolo[2,3-f]indole derivative. 17

Another notable study conducted by Bexrud et al. reported on the intramolecular
hydroamination of aminoalkenes to afford pyrrolidine and piperidine heterocyclic products with
Ti(NMe2)4 as a precatalyst. They performed a series of experiments with various aminoalkenes
(23), in which they obtained moderate to high yields of their N-heterocyclic products (24) as
illustrated in Scheme 9. The formation of five- and six-membered heterocyclic rings were found
to be favored over seven-membered rings even when extended reaction times and geminally
substituted substrates were employed.18 Aminoalkenes without substituents resulted in no
observed intramolecular hydroamination while those consisting of a single substituent, needed
extended reaction times to obtain moderate yields of product. Interestingly, the C-N bond was
exclusively formed to the β-carbon atom of the terminal alkene thus indicating the likelihood of a
metal-mediated migratory step in the ring closing mechanism.

Scheme 9. Intramolecular hydroamination of 2,2-diphenyl-4-pentenylamine.18
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In conclusion, it was established that this precatalyst provided an efficient route for the
intramolecular hydroamination of terminal and activated internal alkenes. This synthetic
methodology also established an efficient reaction for geminally substituted substrates, which
proceeded with a modest, diastereoselectivity as a result of the chairlike transition state of the
intramolecular hydroamination reaction.18
Intermolecular hydroamination results in the production of larger molecules.
Intermolecular reactions are generally slower and either require activated substrates or catalysis.
Yamamoto et al. provided an efficient method for the intermolecular hydroamination of internal
alkynes 25 with o-aminophenol 26 in the presence of a palladium catalyst (Scheme 10).19
Acidification of compound 27 led to the generation of compounds 28 and 29. Through the use of
various alkynes, internal alkynes exhibited a higher reactivity than terminal alkynes. Phenyl
alkynes produced higher yields than diphenyl or dialkyl acetylenes. However, no clear trend was
observed with respect to steric or electronic parameters of the groups bonded to the C≡C bond. It
was also observed that employment of 26 as an amine drastically enhanced the reaction rate of
the palladium-catalyzed hydroamination and this reaction produced good to high yields for
compounds 28 and 29.19

Scheme 10. The intermolecular hydroamination of various alkynes with a palladium catalyst. 19

Cheng et al. conducted a study that investigated the intermolecular hydroamination of
olefins catalyzed by a Lewis acid. This study also used different Lewis acids to observe which
ones would promote higher conversions and faster reaction rates. This reaction was
accomplished using norbornene (30) in combination with aniline (31a) and a Lewis acid catalyst
(Scheme 11).
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Scheme 11. Lewis acid catalyzed hydroamination of norbenene (30) with aniline (31a).20

It was established that the catalyst loading, reaction temperature, and reaction time varied for
each catalyst with reference to its ability to achieve an efficient transformation.20 Various amines
were tested with different substituents on the phenyl ring in combination with norbornene. A
variety of Lewis acidic catalysts were also used to observe their catalytic performances with
respect to their chemoselectivity. In conclusion depending upon the Lewis acid, their catalytic
performance varied. BiCl3 provided the highest yields within short reaction times and was the
most effective.20 When reaction conditions were optimized catalysis with ZrCl4 was
accomplished at low temperatures, but longer reaction times and higher catalyst loading was
necessary to obtain desirable yields.20 Reactions catalyzed by FeCl3 were found to be the most
chemoselective and when certain amines were used in the presence of AlCl3, yields up to 82%
were achieved.20 The investigation of various functional-group-substituted anilines concluded
that the acidity of the amine hydrogen atom was pivotal for high transformation yields.20
There are numerous examples of the hydroamination reaction being catalyzed with metalcatalysts. However, the alkene can be activated by an electron-withdrawing group conjugated to
the -system. The reaction can be spontaneous in the absence of metal catalysis. Bosica et al.
conducted a study that investigated the metal-free addition of alkyl and arylamines to dimethyl
maleate (Scheme 12).

Scheme 12. Intermolecular Hydroamination of 1-pentylamine to dimethyl maleate.21

They first conducted a series of experiments using 1-pentylamine (33a), the nucleophile, in
combination with dimethyl maleate (34), the Michael acceptor, to determine what conditions
would promote high yields of mono-adduct product. The differences between reaction conditions
were observed at 20°C for 5 hours (Table 1). It was also noted that reactions performed in the
absence of catalyst and solvent resulted in the partial precipitation of isomeric dimethyl fumarate
but was found not to prevent the Aza-Michael addition to reach completion.
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Table 1. Influence of bases on the 1-pentylamine (33a) and dimethyl maleate (34).21
Base
DBU (1 equiv.)
K2CO3 (1 equiv.)
[DBU][Ac] (1 equiv.)
Al2O3 (acidic, 1 equiv.)
Amberlyst A-21 (1 equiv.)
a

Solvent
THF
Acetonitrile
/
THF
THF

Yield (%)
96
90
72
80
97

Ratio of amine:acceptor was 1.2:1. b Yield of pure isolated product.

It was observed that the reactions proceeded within hours resulting in high yields of the
secondary amine.21 No tertiary amine product was observed. The reaction also proceeded fast
independent of the presence or nature of the catalyst or solvent. When the study was expanded to
include a variety of amines, it was found that linear aliphatic primary amines exhibited fast
reactions and high yields ranging from 87%-97%. Cyclic and branched aliphatic amines
produced product good yields within short reaction times of 4-6 hours.21 For aromatic amines, no
reaction was observed, even under heating and basic catalysis conditions. A study of various
alkenes with no hexylamine demonstrated that methyl acrylate and acrylonitrile possessed the
highest reactivity amongst the substrates tested. This is likely due to the fact that Michael
acceptors with terminal doubles bonds are typically more reactive due to lower steric hindrance
at the C=C double bond. However, this was not the case for dimethyl maleate as it also exhibited
a high activity, which may be the result of the increased electron withdrawing nature of the
second carboxy group. It was concluded that catalyst, solvent, and heating were not necessary for
the reaction to proceed thus contributing to a higher atom economy.
Uno et al. investigated the chiral calcium(II) phosphate complex 3–catalyzed
intermolecular hydroamination of maleimides to access chiral aminosuccinimide products.22 A
series of reactions were performed with various unprotected alkylamines and maleimides. It was
found that para-, meta-, and ortho-substituted benzylamines afforded similar high yields and
selectivity. Bulkier amines resulted in higher yields and selectivity, 95:5-97:3 e.r., in comparison
to less sterically bulky as well as linear amines. It was also noted that secondary cyclic amines
accessed conjugated products with high yields. After reaction conditions were optimized, a
scaled-up reaction consisting of N-benzalmaleimide (37) and p-toluamine (36) was performed
with a resulting product yield of 93% (Scheme 13).
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Scheme 13. Intermolecular hydroamination of N-benzalmaleimide with p-tolylamine.

This study is particularly notable as there has been much interest in the attractive properties of
maleimides to be employed as building blocks for high performance polymers.23 On this basis, it
has been noted that bis-maleimides can subsequently be polymerized with diamines via
intermolecular hydroamination.24
1.3 Polymerizations via Hydroamination
Lynn et al. reported on the synthesis of Poly(β-aminoesters) for the development of novel
degradable polymeric gene transfer vectors.25 This synthesis was accomplished through the
addition of piperazine, 4,4’-trimethylenedipiperidine, and N,N’-dimethylethylenediamine to 1,4butanediol diacrylate (Scheme 14).

Scheme 14. Aza-Michael addition of bis(secondary amine) monomers to diacrylate esters. 25
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It was established that when poly1-poly-3 were synthesized under the employment of CH2Cl,
this resulted in higher yields and molecular weights in comparison to THF as a solvent (Figure
1).

Figure 1. Poly- 1-poly-3 synthesized from bis(secondary amine) monomers.

It was also found that they degraded at slower rates under slightly acidic conditions (pH= 5.1) in
comparison to alkaline conditions (pH= 7.4). However, under extreme acidic or basic conditions
poly-1-poly-3 rapidly degraded into 1,4-butanediol and bis(β-amino acid) byproducts. Upon
screening the polymers and their degradation products, it was established that they were
noncytotocix relative to poly(ethylene imine). At physiological pH the polymers electrostatically
interacted with polyanionic plasmid DNA, in which all three condensed DNA into soluble
DNA/polymer particles of 50-200 nm.25 In conclusion, the reduced cytotoxities and nanometersized dimensions of these DNA/polymer complexes exhibited efficient polymers that could be
employed as degradable polymeric gene transfer vectors.25
In another approach, maleimides have been employed as the building blocks for the
synthesis of various high-performance macromolecules.23 These substrates exhibit a high
reactivity and functionality upon the addition of a nucleophile. Maleimides result in higher
thermal stability due to the nature of the imido group. Additionally, these substrates exhibit
electron acceptor characteristics due to the delocalization of the double bond. In 1973, a study
conducted by James Crivello reported on the addition of aromatic diamines to bis-maleimide
compounds to access polyaspartimides (Scheme 15).26
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Scheme 15. Intermolecular hydroamination of bis-maleimides with aromatic diamines.26

The various polyaspartimides were observed to have soluble and mechanical characteristics
associated with the influence of the aromatic and imido groups that were present within their
backbone structures. These compounds exhibited a high thermal stability and higher degree of
flexibility, in exception for low molecular weight, rigid polymers that were produced from the
condensation of m-phenylenediamine and 4,4’-diaminodiphenylmethane. These polymers
exhibited good processing characteristics hence, they could be processed into molding and film
castings.26
1.4 Polyimide Materials
Polyimides have become an emerging category of polymers, especially with regard to
their biocompatibility, strength, and thermal stability across a vast range of temperatures.27 The
first reported synthesis of polyimides was in 1908 by Bogert et al.28 However, the
commercialization and development of polyimide products was not available until the 1960s by
researchers in Dupont. They are noted for the release of Kapton H film, Vespel molded parts,
and Pyre-ML wire varnish. This breakthrough led to an increase in polyimide research to access
materials such as adhesives, resins, films, coatings, etc. The mixed polyimide/polyamine
materials produced via Aza-Michael polyaddition are pH responsive and hence can be
categorized as smart polymers.
Hariharan et al. reported on the synthesis and characterization of polyimides comprised
of pyridine moieties.29 This was accomplished through a two-step synthesis involving the
addition of 2,6-diaminopyridine (46) to various aromatic dianhydrides (47a-d) (Scheme 16).
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Scheme 16. Hydroamination of aromatic dianhydrides with 2,6-diaminopyridine.29

The polyimides were found to be soluble in polar aprotic solvents, which was dependent upon
the nature of the dianhydride. Polymers 49b and 49d were soluble in the test solvents while 49a
exhibited poor solubility. This is likely attributed to the rigidity of the polymer. They also found
that the pyridine-ring within the back-bone structure of the polyimide greatly influenced the
thermal stability and mechanical properties of the polymer. Polymer 49a was observed to have a
higher glass transition temperature (Tg) in comparison to 49d which was 296℃ and 252℃,
respectively. Polymers consisting of bridging-systems appeared to have a higher degree of
flexibility thus resulting in lower thermal stability. Most of the polyimides produced high quality
and creasable films, in exception for polymer 49a. The noncreasability is likely due to the
rigidity of this compound. In conclusion, these polyimides exhibited great solubility as well as
thermal and mechanical properties.
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Another notable study by Zabegaeva et al. reported on the hydroamination of N,N’hexamethylene bis(maleimide) (HBMI) with various diamines and the resulting effects on the
physical properties of the polymer.30 This synthesis was accomplished with 9,9bis(aminophenyl)fluorene (a), 1,3-bis(3-aminopropyl)-1,1,3,3-tetramethyldisiloxane (c), and 2,2bis[4—(aminophenoxy)phenyl]propane (b) as illustrated in Scheme 17.

Scheme 17. Hydroamination of N,N’-hexamethylene with aromatic diamines.30

From their investigation, they observed that the nature of the diamine greatly influenced the
physical properties of the polymers as well as the curing process of the polymer matrix. They
observed that the addition of compound a and c led to higher monomer conversions in
comparison to compound b, which were 99.5% and 70%, respectively. They also observed an
increase in melt viscosities upon heating the mixture of HBMI and diamines, in exception for the
diamine containing siloxane. This growth in viscosity is likely the result of the diamine being
more reactive thus contributing to its higher basicity. They also found that all the polymers were
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heat resistant and did not deform up to 400°C (Table 2). The nature of the polymer matrix played
a significant role in the strength properties. Polymers 52a and 52c possessed a bending strength
of 500 MPa and 410 MPa, respectively. These values were much higher in comparison to 52b,
which was 260 MPa. It was noted that this difference was likely attributed to incomplete
monomer conversions under pressure due to the low reactivity of the monomer.30 At a lower
elasticity modulus, polymers 52a and 52c showed a drastic improvement in the bending strength
by 25-50% thus leading to a reduction in the brittleness of these materials. In conclusion, the
generated polymers exhibited a high degree of flexibility and strength, which could then be
processed into plasticizers.
Table 2. Properties of the glass-reinforced plastics with different binders.
Binder

T5%, ℃

σbend, MPa

Ebend, MPa

52a
52c
52b

405
395
380

500± 14
410± 30
260± 37

2400 ± 1900
20500± 300
22700± 800

*σbend and Ebend represents the bending strength and elasticity modulus of the glass-reinforced plastic.

Hydroamination is a straightforward technique for accessing polymers/polyimide
materials. This addition reaction also allows for the construction of new C-N bonds.
Dimaleimides are attractive targets for hydroamination as the imido groups greatly influence the
physical and mechanical characteristics of the polymer. Hence, these substrates are of particular
interest with relation to this research.
1.5 Endgroup Analysis
Endgroup analysis is a methodology that allows for the visualization of polymer
̅ n ) can be obtained for polymers produced
endgroups. The numbers average molecular weight (M
from step-growth polymerizations employing this methodology. Wackerly et al. reported on the
synthesis and molecular weight determination of polystyrene (55) via endgroup analysis.31 This
was accomplished by reacting di-tert-butyl peroxide (DTBP, 54), a radical initiator, with styrene
(53) (Scheme 18). DTBP replaces the CH endgroup with t-butoxide endgroups and allows for the
̅ n via 1H NMR as it provides one signal that can be reliably integrated for this
determination of M
̅n =
calculation. From their 1H NMR analysis they were able to derive the following equation: M
̅ n was 1,119.6 g/mol.
n × (styene molar mass). They found that M
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Scheme 18. Polymerization of styrene with DTBP.

Another notable study conducted by Perez et al. reported on the synthesis of
biodegradable polylactic acid and determination of the numbers average molecular weight.32
They accomplished this by ring opening L-Lactide (56) via ROP and then precipitating their
polymer (57) from hexane (Scheme 19).

Scheme 19. Synthesis of polylactic acid.

With 1H NMR analysis they were able to derive an equation for the calculation of the degree of
̅ n . The equations for n and M
̅ n is as follows:
polymerization (n) and M
n=

z
z′

̅ n = (Mw repeating unit × n) + (Mw endgroups)
M
The number average molecular weight and n were determined through the integration of signals
associated with the polymer repeating unit and endgroups.
In this research, polymers were produced from polycondensation which is a type of stepgrowth polymerization. From this, endgroup analysis can be employed for the determination of n
̅ n for the polymers produced via 1H NMR spectroscopy.
and M
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1.6 Research Goal
The goal of this project was to access novel polymers via the intermolecular
hydroamination of maleimides. We wanted to synthesize various dimaleimides and observe their
reactivities during the hydroamination reaction. There was also a desire to determine whether the
dimaleimides were five- or six-membered rings. This can be differentiated via FTIR as sixmembered rings have a lower wavenumber frequency. This has been shown before with lactones
in which the six-membered ring had a vibrational frequency of 1740cm-1 for the C=O str.
whereas the five-membered ring C=O str. was 1760cm-1.33 Varying parameters (temperature,
solvent, etc.) were explored to determine suitable conditions for polymer production.
Additionally, we wanted to develop a methodology to determine the degree of polymerization (n)
̅𝑛 ) for the resulting polymers.
and the numbers average molecular weight (𝑀
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CHAPTER 2
RESULTS AND DISCUSSION
2.1 Synthetic Strategies
A synthetic strategy was designed based on maleic acid derivatives to produce
difunctional compounds as illustrated in Scheme 20. Maleic esters and maleimides have
exhibited effective and quantitative hydroamination before. This is the reason that compounds C
and D are attractive targets. The synthesis of the mixed difunctional maleic acid/maleamide
compound B from maleic anhydride was the first step using diamine and base, and subsequent
acidification. The acid will protonate any excess amine used as base for the amide formation and
enable separation of B via extraction or filtration from a protic solvent. The conversion of acid B
to ester C was accomplished by Fischer-Esterification with methanol and catalytic amounts of
acid. At high temperatures compound C was converted to compound D.

Scheme 20. Synthetic strategy for the synthesis of dimaleamides and dimaleimides.

The goal was to employ the synthesized dimaleimides in hydroamination with piperazine
as the diamine (Scheme 21). The combination of diamines and compound D should give access
to polymers if the conversion is high, and the functionalities are present in equimolar amounts.
Cyclic diamines have been demonstrated to react with maleic esters and imides before. The
reaction provided high conversions in the absence of catalysts. Hence, it is expected that
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polymers with high molecular weights are accessible. Since hydroamination is a spontaneous and
exothermic process, we expect the reaction to proceed at room temperature. The advantage of
this research is that it provides an atom-economical and accelerated pathway for the production
of linear polymers.

Scheme 21. Synthetic strategy for the production of polyimides.

2.2 Synthesis of Dimaleamides
The stoichiometric reaction of 1,6-hexane diamine (60%) and maleic anhydride in the
presence of triethylamine in ethanol afforded dimaleamide 58a with a 95% yield after isolation
via acidification with HCl and subsequent filtration of the precipitate from aqueous/ethanolic
solution (Scheme 22).
The resulting product was pure with the exception of trace amounts of water in the 1H
NMR spectrum (δ = 3.37 ppm). The 1H NMR illustrated in Figure 2 showed two doublets at δ=
6.38 ppm and δ= 6.21 ppm which are representative of the =CH of the maleic anhydride. The
spectrum also showed a broad signal at δ = 13.10 ppm and a singlet at δ = 9.06 ppm for the OH
and NH, respectively. There is also a singlet at δ = 3.12 ppm for the –NCH2 as well as two
signals at δ = 1.40 ppm and δ = 1.23 ppm, which represent the central –CH2 of the hexane
diamine.
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Scheme 22. Synthesis of the hexane, hydrazide, ethylene, and propane dimaleamide.

Figure 2. 1H NMR spectrum of the hexane dimaleamide (58a).
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Using the same reaction protocol with the ethylene diamine afforded dimaleamide 58c
with a 95% yield. After the solvent was removed the product was isolated from an aqueous
HCl/water solution via filtration (Scheme 22).
As seen in Figure 3, the 1H NMR spectra showed a broad signal at δ = 13.05 ppm and δ =
8.96 ppm for the OH and NH, respectively. There was also a triplet at δ = 3.26 ppm for the –
NCH2. The spectra also showed a quartet at δ = 2.47 ppm for the –NCH2 of the ethylene diamine.

Figure 3. 1H NMR spectrum of ethylene dimaleamide (58c).

Following the same procedure, the 1,3-propanediamine afforded compound 53d with a
98% yield. After the solvent was removed under vacuum, the product was isolated from an
aqueous HCl/water solution via filtration (Scheme 22).
The 1H NMR spectra showed a broad signal at δ = 13.02 ppm and δ = 8.98 ppm for the
OH and NH, respectively (Figure 4). There were also two doublets at δ = 6.36 ppm and δ = 6.19
ppm for the =CH. There was also a quartet at δ = 3.18 ppm for the –NCH2. The 1H NMR also
showed two multiplets at δ = 2.47 ppm and δ = 1.65 ppm for the –CH2.

32

Figure 4. 1H NMR spectrum of propane dimaleamide (58d).

The same reaction protocol with hydrazine monohydrate (55%) afforded dimaleamide
58b with a 10% yield. After the solvent was removed, the product was isolated from aqueous
HCl/water solution via filtration (Scheme 22). The low yield was likely the result of procedural
error.
When hydrazine was added last, the mono-esterification of maleic anhydride with ethanol
competed with the amide formation. The sequential addition of maleic anhydride, hydrazine
hydrate, and triethylamine, last, avoided this side reaction. The addition of chloroform and
toluene sulfonic acid in place of HCl and water resulted in more recovered product with a 96%
yield after filtration. The product was pure with the exception of trace amounts of
triethylammonium tosylate in the 1H NMR spectrum (δ= 1.25 ppm). The 1H NMR showed two
doublets at δ = 6.29 ppm and δ= 6.33 ppm. The spectrum also showed two very broad signals at
δ= 10.82 ppm and δ= 13.11 ppm for the NH and OH respectively (Figure 5).
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Figure 5. 1H NMR spectrum dimaleahydrazide in d5-DMSO (58b).

Next, 53b was then converted to the ester dimaleamide Ca. This was accomplished by
heating 53b in methanol under reflux in the presence of catalytic amounts of sulfuric acid
(Scheme 23). The conversion of the reaction was monitored via NMR spectroscopy. The optimal
reaction time was 3 hours. Extended reaction times saw a dramatic increase in side product
formation. The product was then isolated via extraction and recrystallization from hot toluene to
give compound Ca in 10% yield after filtration. The formation of the ester dimaleahydrazide has
been proven to be a challenging synthesis as a result of the formation of side product, e.g.,
fumarate. Monitoring this reaction as it proceeds is important to avoid the formation of such
products. Optimization of this reaction has been considered so that the ester hydrazide
dimaleamide can be synthesized in higher yields to access the dimaleimide. However, we will
investigate an alternative synthesis to access the dimaleihydrazide.
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Scheme 23. Synthesis of the maleidiester derivative.

Using the same reaction protocol with dimaleamide 58a, the respective diester/amide
derivative Cd could be isolated in 35% yield after filtration of the slurry produced in aqueous
solution (Scheme 23). It should be possible to increase the yield in an adjusted protocol since
there is a much lower degree of side product formation. This reaction was also performed at
room temperature and the conversion was monitored via 1H NMR. The resulting diester was
isolated through an extraction with ethyl acetate and subsequently recrystallized from hot toluene
to give compound Cd in 31% yield after filtration. The low yield was likely due to the compound
dissolving into the aqueous phase during the extraction. For future experiments, less water will
be used during the extraction process to avoid such a substantial loss in recovered product.
The 1H NMR spectra illustrated in Figure 6, showed two doublets at δ = 6.30 ppm and δ
= 6.09 ppm for the =CH. There was also a signal at δ = 3.76 ppm for the –OCH3. The 1H NMR
spectra also showed a broad signal at δ = 8.18 ppm for the NH. There was also a triplet at δ =
3.30 ppm for the amido group (-NCH2). There was also two multiplets at δ = 1.56 ppm and δ =
1.37 ppm which corresponds to the –CH2 of the hexane diamine.
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Figure 6. 1H NMR spectrum of Cd.

Next, 58c was converted to the ester dimaleamide Cb employing the same reaction
protocol (Scheme 23). The conversion was monitored via 1H NMR spectroscopy. The resulting
compound Cb was then isolated through an extraction with ethyl acetate and recrystallized from
hot water to give the resulting diester in 65% yield after filtration. The 1H NMR spectra seen in
Figure 7, showed two doublets at δ = 6.44 ppm and δ = 6.06 ppm for the =CH. The spectra also
showed a signal at δ = 3.71 ppm and a triplet at δ = 3.55 ppm which represents the –OCH3 and –
CH2, respectively. There was also a broad signal at δ = 7.60 ppm for the NH.
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Figure 7. 1H NMR spectrum of Cb.

2.3 Synthesis of Dimaleimides
The mixed diester/amide product, Cd, was transformed into the dimaleimide derivative
Ed, by refluxing a solution in toluene in the presence of catalytic amounts of sulfuric acid
(Scheme 24).

Scheme 24. Synthesis of dimaleimides Ed and Eb.

The conversion of the reaction was closely monitored via 1H NMR spectroscopy since prolonged
reaction times lead to the formation of significant amounts of byproduct. The starting material
was completely converted after two hours, and the reaction was stopped at this point. An
extraction was performed with DCM and the product was isolated via recrystallization from hot
toluene. The resulting product was collected via filtration in 53% yield.
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As seen in Figure 8, the 1H NMR spectra showed a sharp signal at δ = 6.66 ppm for the
=CH. There was also a triplet at δ = 3.47 ppm for the imido group, -NCH2. The 1H NMR also
showed two multiplets at δ = 1.55 ppm and δ = 1.27 ppm for the –CH2.

Figure 8. 1H NMR spectrum of Ed.

This reaction was also performed using toluene sulfonic acid in place of sulfuric acid. It
was expected that our product would simply precipitate from the solution once the reaction
vessel cooled from reflux and the resulting product could be collected via filtration, hence
allowing to forgo the extraction step. However, using toluene sulfonic acid generated insoluble
side products that could not be identified. Other acids may be explored as a means to simplify the
synthetic procedure.
Employing the same reaction protocol, compound Cb was converted to the dimaleimide
derivative Eb (Scheme 24). The conversion was monitored via 1H NMR spectroscopy. The
conversion of the diester was completed after one and a half hours, in which the reaction was
stopped. An extraction with DCM was performed and Eb was isolated in 30% yield via filtration
after recrystallization with hot toluene. The isolated compound was then characterized via 1H
NMR spectroscopy as seen in Figure 9. The 1H NMR spectra showed a signal δ = 6.66 ppm and
δ = 3.70 ppm for the =CH and –NCH2 group, respectively.
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Figure 9. 1 H NMR spectra of Eb.

Next, 58b was converted to the dimaleimide derivative D. This reaction was
accomplished at room temperature in methanol with catalytic amounts of thionyl chloride
(Scheme 25).

Scheme 25. Synthesis of dimaleihydrazide D.

The conversion of the dimaleamide to the dimaleimide derivative was monitored via 1H NMR
spectroscopy. The solvent was removed under vacuum and the compound was precipitated from
methyl ethyl ketone. The resulting product was isolated via filtration in 50% yield. The 1H NMR
showed a signal at δ = 6.85 ppm for the =CH. Since this compound is highly symmetrical and all
of the hydrogens share the same chemical environment, we expected there to only be one signal
as illustrated in Figure 10.
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Figure 10. Analysis of dimaleihydrazide 1H NMR spectrum.

Analysis of the dimaleimides via FTIR was performed to observe the preference for the
5-membered or 6-membered ring conformation for the dimaleihydrazide (Figures 11-13). The
standard wavenumber for the C=O stretch (str.) of imides is 1700-1710 cm-1. The C=O str. for
the five-membered ring compounds, Ed and Eb, were 1689 cm -1 and 1694 cm-1, respectively.
The C=O str. for the dimaleihydrazide was 1655 cm-1. The lower wavenumber frequencies were
likely due to the C=O str. being conjugated. In comparison to the five-membered rings this is
approximately a 30-40 cm-1 difference. Larger rings experience more ring strain thus resulting in
lower wavenumbers. From this, compound D was confirmed to be a 6-membered ring. It was
also observed that there were not two distinct peaks representing the asymmetric and symmetric
stretch of the C=O. Upon closer analysis there appears to be a shoulder on these broad signals for
the C=O stretch. This is likely due to the signals of the symmetric and asymmetric C=O str.
being similar in value, thus leading to an overlap of these signals.

Figure 11. FTIR of compound Eb.
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Figure 12. FTIR of compound Ed.

Figure 13. FTIR of compound D.

2.4 Hydroamination of Dimaleimides
Next, the hydroamination of compound Ed with piperazine was accomplished at room
temperature under neat conditions (Scheme 26).
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Scheme 26. Hydroamination of dimaleimides with piperazine.

The maleimide endgroup conversion was monitored via 1H NMR spectroscopy (Figure
14). For this example, the maleimide endgroup conversion was calculated with the following
equation:
𝑐 + 𝑐 ′ = 3.26
𝑎′ = 1.82
%𝑚𝑎𝑙𝑒𝑖𝑚𝑖𝑑𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

∫ 𝑐+𝑐 ′ −∫ 𝑎′
∫ 𝑐+𝑐′

× 100 =

3.26−1.82
3.26

× 100 = 44%

The hydroamination was complete after two hours and the resulting polymer 59d was isolated
via filtration from methanol.

Figure 14. 1 H NMR analysis of the hydroamination of Ed after 35 minutes.
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A comparison of the 1H NMR spectrum of Ed and 59d was performed to determine if the
hydroamination was successful. In comparison to the dimaleimide spectra, a new broad signal at
δ = 3.77ppm was observed. This signal represents a CH of an alkane, which is an indication that
a new C-N bond was formed. It was also observed that the piperazine was multiplets instead of a
singlet, meaning that these hydrogens no longer share the same chemical environment. Based on
the spectral evidence, the hydroamination was successful. The isolated polymer was then
characterized via 1H NMR spectroscopy (Figure 15).
The 1H NMR spectra showed a broad signal at δ = 3.77 ppm for the CH of the imido
group. There was also a multiplet at δ = 3.47 ppm for the –NCH2 group of the imide starter and
the imido group of the polymer. The signal at δ = 2.81 ppm is associated with the –CH2 group of
the unreacted piperazine. There were also multiplets at δ = 2.70 ppm for the –CH2 of the reacted
piperazine. The 1H NMR spectra also showed two multiplets at δ = 1.51 ppm and δ = 1.25 ppm
for the –CH2 of the hexane diamine. Trace amounts of the =CH for the dimaleimide were also
observed (δ = 6.65 ppm).

Figure 15. 1 H NMR spectra of polymer 59d.

A kinetics study with compound Ed and piperazine was conducted to determine the
maleimide engroup conversion (Table 3). This conversion was monitored via 1H NMR
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spectroscopy, in which spectra were taken every 1-2 minutes. Based on the study, it was found
that the equimolar reaction between compound Ed and piperazine exhibited 2nd order kinetics, as
evinced by the linear correlation between the inverse of conversion vs time as illustrated in
Figure 16. From this, the addition of excess piperazine should make the reaction 1st order
kinetics thus leading to higher conversions of the maleimide endgroup. It was also observed that
the hydroamination was slow in dilute solution. The fact that the conversion plateaued after three
hours indicated that the piperazine amino groups were mostly used up after this time. Table 3
summarizes the conversion over time in this experiment. The lower maleimide conversions is
likely due to the sample being too diluted. To avoid this, future hydroaminations were performed
with high concentrations of reactants, particularly neat where possible.
5
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R² = 0.9938
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Figure 16. Linear plot for the conversion of the maleimide endgroup.

Table 3. Kinetics study of the hydroamination of Ed with piperazine in CDCl3 ([Ed]=36mM).
Time (min)
5
11
27
35
65
125

Maleimide endgroup conversion (%)
25.9
30.1
40.8
44.2
51
58

Using the same reaction protocol, the hydroamination of compound Eb with piperazine
formed polymer 59b under neat conditions (Scheme 26). The reaction was monitored via 1H
NMR spectroscopy for the conversion of the maleimide endgroup. The hydroamination was
complete after two hours and the resulting polymer 59b was isolated via filtration from
methanol. The isolated polymer was then characterized via 1H NMR spectroscopy.
The 1H NMR spectra showed the appearance of a new, broad signal at δ = 3.77 ppm for
the CH generated from the construction of a new C-N bond. There was also a signal at δ = 3.67
ppm for the -NCH2 group. The spectra also showed multiplets at δ = 2.67 ppm for the CH2 group
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of the piperazine and the imide. It was also observed that there was no trace amount of the
dimaleimide endgroup at this stage.
The reaction of compound Eb with piperazine afforded 95% conversion of the maleimide
endgroup after two hours as illustrated in Figure 17. Table 4 summarizes the conversion over
time for this experiment. The conversion was calculated with the following equation:
∫ 𝑏 + 𝑏 ′ = 1.15
∫ 𝑒 ′ = 0.06
%𝑚𝑎𝑙𝑒𝑖𝑚𝑖𝑑𝑒 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

1.15 − 0.06
∫ 𝑏 + 𝑏′ − ∫ 𝑒′
× 100 =
× 100 = 95%
1.15
∫ 𝑏 + 𝑏′

The hydroamination reaction is rapid but the maleimide endgroup conversion plateaued
at 95%. This is likely due to the reaction running out of amino groups. The piperazine endgroup
is not clearly visible in the NMR hence endgroup analysis was essential to visualize the
endgroup.

Figure 17. 1H NMR spectra of the hydroamination of Eb after two hours.

Table 4. Kinetics Study of the hydroamination of Eb with piperazine.
Time (min)
6
10
30
40
60
120

Maleimide endgroup conversion (%)
17
29
63
70
79
95
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For polymers 59b and 59d, the hydroamination was accomplished in varying ratios with
piperazine being in excess (100%, 75%, 50%, and 20%). We expected that the addition of excess
piperazine would lead to quantitative maleimide endgroup conversions thus resulting in the
presence of only one endgroup, the piperazine NH.
2.5 Endgroup Analysis of Polymers

Scheme 27. Reaction for endgroup analysis of polymers 59b and 59d.

Endgroup analysis was accomplished by reacting the polymers/oligomer 59d with 4-tertbutylbenzoyl chloride and triethylamine at room temperature (Scheme 27). This reaction changes
the secondary amino endgroup derived from the piperazine with t-butylbenzoyl endgroups. This
endgroup introduces two new signals to the NMR at δ = 7.39 ppm and δ = 7.31 ppm. The
polymer 59d was then isolated under high vacuum and analyzed via 1H NMR spectroscopy as
seen in Figure 18.
Based on the analysis, we established that there were two endgroups, NH of the
piperazine and =CH of the imide. As the reaction reaches higher degrees of polymerization, there
are less endgroups present. With small amounts of differing endgroups this will eventually lead
to a relative difference that gets larger. In this instance, there is 91% of the NH endgroup and 9%
of the =CH endgroup. From this, we were able to derive an equation, which accounts for this
imbalance between the endgroups. The equation is as follows:
𝑛=

∫𝑓 × 2
∫𝑎 + 𝑔

The degree of polymerization (n) for the equimolar reaction between compound Ed and
piperazine was 13.0. We were also able to determine the numbers average molecular weight
̅𝑛 ) using the following equation:
(𝑀
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̅𝑛 = 𝑛 × 𝑀𝑊 𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡𝑠 +
𝑀

∫𝑎
× 𝑀𝑊 𝑝𝑖𝑝𝑒𝑟𝑎𝑧𝑖𝑛𝑒
∫𝑎 +𝑔

̅𝑛 . In
Since there were two endgroups, we must account for this difference when calculating 𝑀
̅
this case, 𝑀𝑛 = 4,790 g/mol. This methodology was employed for all the polymers synthesized
with varying ratios (Table 5).

Figure 18. 1H NMR spectra for the endgroup analysis of polymer 59d.

With endgroup analysis we were able to establish trends with the varying ratios between
compound Ed and piperazine. As seen in Table 5, an excess of piperazine resulted in higher
maleimide endgroup conversions. There was also an overall increase in the degree of
̅𝑛 in exception for when piperazine was in 100% excess. This is likely
polymerization (n) and 𝑀
due to the smaller molecular weight polymers being washed out from the precipitation of our
̅𝑛 . Additionally, reaction times decreased by a factor
compound, thus leading to a much higher 𝑀
of four when an excess of piperazine was used.
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Table 5. Data Summary for the hydroamination and endgroup analysis of polymer 59d.
Piperazine:Ed

1:1
5:4
3:2
7:4
2:1

Reaction Time
(min)
120
30
30
30
30

Conversion of
maleimide
endgroup (%)
98
98
quant.
quant.
quant.

Degree of
polymerization
(n)
13.0
7.27
5.46
3.83
4.14

̅𝑛 (g/mol)
𝑀
4,790
2,712
2,065
1,474
1,587

Using the same protocol, the endgroup analysis of polymer 59b was accomplished
employing NaOH (10M) as the base (Scheme 27). Once the reaction was complete, the polymer
was analyzed via 1H NMR spectroscopy (Figure 19).
The 1H NMR spectra of the endgroup analysis showed that there was only one endgroup,
which was the NH. From this, we were able to derive an equation to calculate the degree of
polymerization (n). The equation was as follows:
𝑛=

∫𝑐 × 2
∫𝑎

The degree of polymerization with piperazine being in 50% excess was n = 6.65 (Table 6). Since
there was only one endgroup, the numbers average molecular weight was calculated using the
following equation:
̅𝑛 = 𝑛 × 𝑀𝑊 𝑜𝑓 𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 + 𝑀𝑊 𝑜𝑓 𝑝𝑖𝑝𝑒𝑟𝑎𝑧𝑖𝑛𝑒
𝑀
̅𝑛 was 2,119 g/mol. For the equimolar ratio reaction of Eb and piperazine, there
In this case, 𝑀
were two endgroups, the NH of the piperazine and =CH of the imide. To account for this
difference, the same equation referenced previously for the equimolar reaction between Ed and
̅𝑛 . This methodology was accomplished for all polymers
piperazine was used to calculate 𝑀
generated with 59b with varying ratios.
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Figure 19. 1H NMR spectra for the endgroup analysis of polymer Eb with piperazine (50% excess).

As illustrated in Table 6, there was an overall decrease in reaction times by a factor of
four with increased amounts of piperazine. There was also an increase in the maleimide
endgroup conversion with excess amounts of piperazine. The values for the degree of
̅𝑛 were much higher than expected. This is likely due to the small
polymerization (n) and 𝑀
molecular weight polymers being washed out from the precipitation of our compound thus
̅𝑛 .
resulting in higher values for both n and 𝑀
Table 6. Data Summary for the hydroamination and endgroup analysis of polymer 59b.
Piperazine:Eb

1:1
5:4
3:2
7:4
2:1

Reaction Time
(min)
120
30
30
30
30

Conversion of
maleimide
endgroup (%)
97
quant.
quant.
quant.
quant.

Degree of
polymerization
(n)
7.52
6.39
6.64
7.43
4.37

̅𝑛 (g/mol)
𝑀
2,389
2,042
2,119
2,361
1,424
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CHAPTER 3
SUMMARY AND OUTLOOK
Significant progress was made in synthesizing multifunctional polymers via
hydroamination of dimaleimides. Dimaleimides produced from maleic anhydride and piperazine
were employed in the production of functionalized polyimides containing imido groups with
varying chain lengths. The monomer conversion was monitored and determined by 1H NMR
spectroscopy, and it was between 96-99% for all experiments. The degree of polymerization (n)
̅𝑛 ) was determined for two of these polyimides. A
and the numbers average molecular weight (𝑀
methodology was developed converting amino endgroups into benzoyl endgroups. 1H NMR
analysis was used to quantify the aromatic protons of the benzoyl endgroup. For polymer 59d, n
̅𝑛 = 4,776 g/mol with 1:1 molar ratio between the monomer and piperazine. For
=13.0 and 𝑀
̅𝑛 were much higher than expected likely due to precipitation
polymer 59b the values for n and 𝑀
of high molecular weight polymers. Further investigation is required to establish whether this can
be used as a synthetic advantage.
The hydroamination of dimaleimide D with piperazine was attempted, however, no
polymer was formed. A reactivity study with n-butylamine resulted in no reaction of D in
hydroamination. There is a possibility of aromaticity in D. The low reactivity is possibly due to
the potential partial aromaticity. We have a bicyclic system so while one ring is aromatic the
other is not. There are not enough electrons for both rings to be aromatic at the same time, hence
this minor contribution lowers the energy. From this, the amination is difficult to accomplish as
the aromaticity must be broken up.
In conclusion, we proved that hydroamination is an effective methodology for accessing
novel polyimides. The resulting polyimides are pH responsive so, the solubility and solution
properties can be altered with pH or other stimuli such as salt concentration. Due to the linearity
of these macromolecules, processing them into fibers is of interest. There is also the possibility
of making them into antimicrobials via quaternization. Cyclic nitrogen-containing compounds
are common motifs within biological systems and organisms. The resulting cyclic compounds
can give access to cyclic peptides, which could then be employed to synthesize therapeutic
agents and other materials for medicinal use such as peptide drugs.
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CHAPTER 4
METHODS
4.1 Determining Conversion via 1H NMR spectroscopy
For the hydroamination of the imides, the substrate was dissolved in methanol with
piperazine at room temperature. The solvent was removed under vacuum and the reaction
starting point was determined as the time all solvent was removed. The reaction was neat and the
methanol was used for precipitation. Methanol was added at the end of the polymerization and
the polymer solid was filtered off and washed with methanol. As the reaction progressed, small
aliquots were taken from the vessel and a 1H NMR spectrum was recorded at various times as
illustrated in Figure 20 and Figure 21. The polymer was then characterized via 1H NMR
Spectroscopy.
The 1H NMR spectrum for the hydroamination of compound Ed, showed a new signal at
δ = 3.72 ppm which represents the -NCH group formed from the =CH in the hydroamination (δ=
6.65 ppm). Figure 20 illustrates the changes in the 1H NMR spectrum of the starting material
during the hydroamination. As the reaction progresses, the signal at 6.65 ppm (a + a’) diminishes
while the signal at 3.72 ppm increases. The signal at 3.45 ppm remains constant as it represents,
NCH2 groups of both, product and starting material. To calculate the maleimide endgroup
conversion, the integral of a + a’ was subtracted from the integral of b + b’ and divided by the
integral of b + b’. For the reaction illustrated in Figure 20, the conversion would calculate to the
following:
∫ 𝑎 + 𝑎′ = 1.82
∫ 𝑏 + 𝑏 ′ = 3.26
3.26 − 1.82
∫ 𝑏 + 𝑏 ′ − ∫ 𝑎 + 𝑎′
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
× 100 =
× 100 = 44%
3.26
∫ 𝑏 + 𝑏′
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Figure 20. Two NMR spectra of compound Ed and the hydroamination of Ed with piperazine.

The 1H NMR spectrum for the hydroamination of compound Eb, shows a signal at δ=
3.74 ppm representing the CH group formed from the C-N bond. Figure 21 illustrates the
changes in the spectrum as the hydroamination proceeded. In similar fashion to the
hydroamination of Ed, the integration of signals at δ= 6.64 ppm (a + a’) and δ= 3.67 ppm (b +
b’) were used to calculate the maleimide endgroup conversion. For this spectrum, the conversion
would calculate to:
∫ 𝑎 + 𝑎′ = 0.72
∫ 𝑏 + 𝑏 ′ = 3.82
𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =

3.82 − 0.72
∫ 𝑏 + 𝑏 ′ − ∫ 𝑎 + 𝑎′
× 100 =
× 100 = 81%
3.82
∫ 𝑏 + 𝑏′
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Figure 21. Two NMR spectra of compound Eb and the hydroamination of Eb with piperazine.

̅𝑛 via 1H NMR spectroscopy
4.2 Determination of n and 𝑀
̅𝑛 ) was
The degree of polymerization (n) and the numbers average molecular weight (𝑀
determined through endgroup analysis. This methodology was accomplished with an acid and
base in DCM at room temperature. The base works to deprotonate the piperazine, while the acid
replaces the amino endgroups. Once the reaction is complete, the solvent is then removed under
high vacuum and the polymer is then analyzed via 1H NMR spectroscopy.
The endgroup analysis of polymer 59d was accomplished with 4-tert-Butylbenzoyl
chloride (98%) and triethylamine in DCM at room temperature. Once the reaction was complete,
an extraction was performed with 0.1M HCl and carbonate. The polymer was then isolated via
the removal of the solvent under high vacuum and characterized via 1H NMR spectroscopy
(Figure 22). The 1H NMR spectrum showed two new signals at δ= 7.39 ppm and δ= 7.31 ppm
which represents the aromatic hydrogen atoms of the t-butylbenzoyl endgroup. There was also a
signal at δ= 6.66 ppm which represents the =CH of the imide starting material. The 1H NMR
spectrum established that there were two endgroups, NH and CH. Endgroup analysis allows for
the calculation of this imbalance of endgroups. To calculate n, the integral of f was multiplied by
two and then divided by the sum of a + g. The reason the integral is multiplied by two is because
in both polymers, poly-4 and poly-5, the combination of signal g and a represent twice as many
H-atoms as signal f per unit. For the spectrum presented in Figure 22, n would calculate to:
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∫ 𝑓 = 7.17
∫ 𝑔 = 0.10
∫ 𝑎 = 1.00
𝑛=

7.17 × 2
∫𝑓 × 2
=
= 13.0
∫ 𝑎 + 𝑔 1.00 + 0.10

As we continue to polymerize there are less endgroups present over time. With small amounts of
differing endgroups, this will eventually lead to a relative difference that gets larger. From this,
the NH and CH endgroup were present at 91% and 9%, respectively. With the endgroup analysis,
̅𝑛 . Since there are two endgroups, we must
we were also able to derive an equation to calculate 𝑀
account for this through the addition of the integral of a divided by the sum of a + g. For this
̅𝑛 calculates to:
example, 𝑀
𝑛 = 13.0
𝑀𝑊 𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 = 362.43

𝑔
𝑚𝑜𝑙

𝑎 = 1.00
𝑔 = 0.10
𝑀𝑊 𝑝𝑖𝑝𝑒𝑟𝑎𝑧𝑖𝑛𝑒 = 86.14 𝑔/𝑚𝑜𝑙
∫𝑎
̅𝑛 = n × MW repeating unit +
𝑀
× MW piperazine
∫𝑎 + 𝑔
𝑔
1.00
g
g
̅𝑛 = 13.0 × 362.43
𝑀
+
× 86.14
= 4,790
𝑚𝑜𝑙 1.00 + 0.10
mol
mol
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Figure 22. Two NMR spectra of 59d and endgroup analysis of polymer 59d.

The endgroup analysis of polymer 59b was accomplished with 4-tert-Butylbenzoyl
chloride (98%) and sodium hydroxide (10M) in DCM at room temperature. The reaction was
stopped after thirty minutes, and sodium sulfate was added to the solution to remove any trace
amounts of water. Then, the solution was decanted off and the polymer was isolated via the
removal of the solvent under high vacuum. The resulting polymer was then characterized via 1H
NMR spectroscopy. The 1H NMR spectra showed two signals at δ= 7.39 ppm and δ=7.31ppm
which corresponds to the aromatic hydrogen atoms of the t-butylbenzoyl endgroup. From this,
we established that there was only one endgroup, NH of the piperazine. There was also a signal
at δ= 3.78 ppm which is the CH group produced from the formation of a C-N bond. To calculate
n, the integral of c was multiplied by 2 and divided by the integral of a. Since there were two tbutylbenzoyl amides, we must account for this. For the spectrum presented in Figure 23, n would
calculate to:
𝑐 = 3.32
𝑎 = 1.00
𝑛=

∫ 𝑐 × 2 3.32 × 2
=
= 6.64
1.00
∫𝑎
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̅𝑛 . Since there are two piperazines, we
We were also able to derive an equation to determine 𝑀
̅𝑛 . For
must account for the piperazine that is not within the repeating unit when calculating 𝑀
̅𝑛 calculates to:
this example, 𝑀
̅𝑛 = 𝑛 × 𝑀𝑊 𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡 + 𝑀𝑊 𝑝𝑖𝑝𝑒𝑟𝑎𝑧𝑖𝑛𝑒
𝑀
𝑔
𝑔
𝑔
̅𝑛 = 6.64 × 306.32
𝑀
+ 85.13
= 2,119
𝑚𝑜𝑙
𝑚𝑜𝑙
𝑚𝑜𝑙

Figure 23. Two NMR spectra of polymer 59b and endgroup analysis of polymer 59b.
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CHAPTER 5
MATERIALS AND EXPERIMENTALS
Chloroform-D 99.8%, hexane diamine 60%, 1,3-diaminopropane 99%, ethylene diamine
99+%, and hydrazine hydrate 55%, methanol, dichloromethane, toluene, chloroform, ethanol,
maleic Anhydride 99% were purchased from Aldrich. 4-tert-Butylbenzoyl chloride 98%, ptoluenesulfonic acid monohydrate, triethylamine and thionyl chloride were all purchased from
commercial sources. Nuclear Magnetic Resonance (NMR) spectroscopy was performed with an
Agilent Technologies 400 NMR. Fourier Transform Infrared spectroscopy (FTIR) was
performed with a SMART iTX. All instruments used during this study were present at the
Georgia Southern University Department of Chemistry and Biochemistry free of charge.
5.1 Synthesis of Dimaleamides
Synthesis of dimaleamide 58a:

A solution of 1,6-hexanediamine (55%, 2.00g, 17mmol) was added to a solution of maleic
anhydride (6.75g , 69mmol, 2eq) in ethanol (50mL) at 0°C. Then, the trimethylamine (7.66g, 76
mmol) was added dropwise. The ice bath was removed and the solution was stirred at room
temperature for another 60 minutes. Aqueous HCl (2M, 60mL) was added. A white precipitate
was formed and the residue was dried under vacuum (5.10g, 16 mmol, 95%). 1H NMR (400.9
MHz, 20°C, DMSO) δ= 9.04 ppm (s, 2H, NH), 6.37 ppm (d, 2H, [3J(H1H1)= 12.5Hz] =CH), 6.20
ppm (d, 2H, [3J(H1H1)= 12.5Hz] =CH), 3.20 ppm (m, 2H, -NCH2), 1.42 ppm (m, 2H, -CH2), 1.26
ppm (m, 2H, -CH2).
Synthesis of dimaleamide 58b:
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A solution of maleic anhydride (6.00g, 61mmol) was added to a solution of ethanol (100 mL) at
room temperature. Then, a solution of hydrazine hydrate (55%, 1.70g, 53mmol) was added to
the solution at 0°C. Lastly, triethylamine (5.90g, 58mmol) was then added dropwise to the
solution over a period of 30 minutes. The ice bath was removed, and the solution stirred at room
temperature for another 40 minutes. The ethanol was removed in vacuum and a solution of
chloroform (50mL) and TsOH (8.68g, 50mmol) were added to the reaction. The resulting
precipitate was collected via filtration and dried under vacuum (4.36g, 19 mmol, 36%). 1H NMR
(400.9 MHz, 20°C, DMSO) δ = 13.11 ppm (s, 2H, -COOH), 10.82 ppm (s, 2H, NH), 6.33 ppm
(d, 2H, [3J(1H1H)= 12.2Hz] =CH), ), 6.29 ppm (d, 2H, [3J(1H1H)= 12.2Hz] =CH).
Synthesis of dimaleamide 58c:

A solution of maleic anhydride (8.00g, 82mmol) was added to a solution of ethanol (100 mL) at
room temperature. Then, a solution of ethylene diamine (2.45g, 41mmol) was added to the
solution at 0°C. Lastly, trimethylamine (10.31g, 102mmol) was then added dropwise to the
solution over a period of 30 minutes. The ice bath was removed, and the solution stirred at room
temperature for an additional 40 minutes. The ethanol was removed in vacuum and aqueous HCl
(2M, 85mL) was added. The white precipitate was collected via filtration and dried under
vacuum (6.73g, 31mmol, 64%). 1H NMR (400.9MHz, 20°C, DMSO) δ = 13.11 ppm (s, 2H, -
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COOH), 8.97 ppm (s, 2H, NH), 6.33 ppm (d, 2H [3J(1H1H)= 12.5Hz] =CH), 6.20 ppm (d, 2H
[3J(1H1H)= 12.3Hz] =CH), 3.26 ppm (m, 2H, -NCH2).
Synthesis of dimaleamide 58d:

A solution of maleic anhydride (10.58g, 108mmol) was added to a solution of ethanol (80mL) at
room temperature. Then, a solution of 1,3-propanediamine (2.00g, 27mmol) was added to the
solution at 0°C. Lastly, trimethylamine (12.00g, 119mmol) was then added dropwise to the
solution over a period of 30 minutes. The ice bath was removed, and the solution stirred at room
temperature for an additional 40 minutes. Aqueous HCl (2M, 75mL) was added. The white
precipitate was collected via filtration and dried under vacuum (6.10g, 23.0mmol, 84%). 1H
NMR (400.9MHz, 20°C, DMSO) δ = 13.11 ppm (s, 2H, -COOH), 8.98 ppm (s, 2H, NH), 6.36
ppm (d, 2H [3J(1H1H)= 12.5Hz] =CH), 6.19 ppm (d, 2H [3J(1H1H)= 12.4Hz] =CH), 3.18 ppm (m,
2H, -NCH2), 1.65 ppm (m, 2H, -CH2).
5.2 Synthesis of Maleadiesters
Synthesis of ester dimaleamide Cd:

A solution of 58a (2.00g, 6.4mmol) in methanol (20mL) containing sulfuric acid (0.1mL) was
heated under reflux for 3 hours. The methanol was removed under reduced pressure and an
extraction was performed with DCM (50mL) and water (10mL). The organic layer was separated
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and dried with sodium sulfate. The DCM was removed in vacuum and recrystallized from hot
toluene (20mL). The resulting precipitate was collected via filtration and dried under vacuum
(0.763g, 2.20mmol, 35% yield). 1H NMR (400.9 MHz, 20°, CDCl3) δ= 8.18 ppm (s, 1H, NH),
6.30 ppm (d, 2H, [3J(H1H1)= 13.0Hz] =CH ) ,6.09 ppm (d, 2H, [3J(H1H1)= 13.0Hz] =CH), 3.76
ppm (s, 6H, O-CH3), 1.55 ppm (m, 4H, -CH2), 1.38 ppm (m, 4H, -CH2).
Synthesis of ester dimaleamide Ca:

A solution of 58b (0.500g, 2.20mmol) in methanol (20mL) containing sulfuric acid (0.1mL) was
heated under reflux for 3 hours. The methanol was then removed under reduced pressure and an
extraction was performed with a solution of water (10mL) and DCM (50mL). The organic layer
was separated and dried over sodium sulfate. The DCM was removed in vacuum and the residue
was recrystallized from hot toluene (15mL). The resulting precipitate was then collected via
filtration and dried under vacuum vacuum (0.0561g, 0.22 mmol, 10% yield). 1H NMR (400.9
MHz, 20°C, CDCl3) δ= 8.72 ppm (s, 2H, NH), 6.37 ppm (d, 2H, [3J(1H1H)= 13.1Hz] =CH), 6.24
ppm (d, 2H [3J(1H1H)= 13.1Hz] =CH), 3.80 ppm (s, 6H, O-CH3).
Synthesis of ester dimaleamide Cb:

A solution of 58c (2.00g, 7.8mmol) in methanol (20mL) containing sulfuric acid (0.5mL) was
stirred at room temperature for four days. The conversion of the product formation was
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monitored via 1H NMR spectroscopy. The methanol was then removed under reduced pressure
and an extraction was performed with a solution of water (10mL) and ethyl acetate (50mL). The
organic layer was separated and dried over sodium sulfate. The ethyl acetate was removed in
vacuum and the residue was recrystallized from hot water (15mL). The resulting precipitate was
then collected via filtration and dried under vacuum (1.00g, 3.5mmol, 45%). 1H NMR
(400.9MHz, 20°C, CDCl3) δ= 7.60 ppm (s, 2H, NH), 6.44 ppm (d, 2H [3J(1H1H)= 12.4Hz]), 6.06
ppm (d, 2H [3J(1H1H)= 12.4Hz] =CH), 3.71 ppm (s, 6H, O-CH3), 3.55 ppm (m, 4H, -CH2).
5.3 Synthesis of Dimaleimides
Synthesis of dimaleimide Ed:

A solution of Cd (0.500g, 2.3mmol) in toluene (30mL) containing sulfuric acid (0.1mL) was
heated under reflux for 5 hours. The conversion and product formation were analyzed via 1H
NMR spectroscopy. The toluene was removed under reduced pressure and an extraction was
performed with a solution of water (10mL) and DCM (50mL). The organic layer was separated
and dried with sodium sulfate. The DCM was removed in vacuum and the residue was
recrystallized from hot toluene (15mL). The resulting precipitate was collected via filtration and
dried under vacuum (0.215g, 0.78 mmol, 53%). 1H NMR (400.9 MHz, 20°C, CDCl3) δ= 6.66
ppm (s, 4H, =CH), 3.48 ppm (m, 4H,-NCH2), 1.55 ppm (m, 4H, -CH2), 1.27 ppm (m, 4H, CH2).
FTIR ṽ= 1689cm-1 (C=O str.).
Synthesis of dimaleimide D:

A solution of compound 58b (1.00g, 5.2mmol) in methanol containing thionyl chloride (0.500g)
was stirred at room temperature for 2 hours. The conversion and product formation were
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analyzed via 1H NMR spectroscopy. The methanol was removed under reduced pressure and
methyl ethyl ketone (50mL) was added. The resulting precipitate was collected via filtration and
dried under vacuum (0.308g, 1.6mmol, 37%). 1H NMR (400.9MHz, 20°C, D2O) δ= 7.01 ppm (s,
4H, =CH). FTIR ṽ= 1655 cm-1 (C=O str.).
Synthesis of dimaleimide Eb:

A solution of Cb (1.00g, 3.90mmol) in methanol (15mL) containing sulfuric acid (1.0mL) was
heated under reflux for 1.5 hours. The conversion and product formation was analyzed via 1H
NMR spectroscopy. The methanol was removed under reduced pressure and an extraction was
performed with a solution of water (10mL) and DCM (50mL). The organic layer was separated
and dried with sodium sulfate. The DCM was removed in vacuum and the residue was
recrystallized from hot water (10mL). The resulting precipitate was collected via filtration and
dried under vacuum (0.184g, 0.83mmol, 21%). 1H NMR (400.9MHz, 20°C, CDCl3) δ= 6.66ppm
(s, 4H, =CH), 3.70ppm (s, 4H, -CH2). FTIR ṽ= 1694 cm-1 (C=O str.).
5.4 Hydroamination of Dimaleimides
Hydroamination of Ed with piperazine equimolar ratio:

A solution of Ed (0.100g, 0.36mmol) and piperazine (31.1mg, 0.36mmol) in methanol (5.0mL)
was stirred at room temperature for 2 hours. The conversion and polymer formation was
monitored via 1H NMR spectroscopy. The resulting precipitate was collected via filtration and
dried under vacuum. This reaction was accomplished with varying ratios, in which piperazine
was in excess (25%, 50%, 75%, 100%). 1H NMR (400.9MHz, 20°C, CDCl3) δ= 6.65 ppm (s, 4H,
=CH), δ= 3.11 ppm (s, 2H, -CH), 3.67 ppm (m, 4H, -NCH2), 2.67 ppm (m, 16H, -CH2), 1.50
ppm (m, 4H -CH2), 1.25 ppm (m, 4H, -CH2).
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Hydroamination of Eb with piperazine (50% excess piperazne):

A solution of Eb (0.100g, 0.36mmol) and piperazine (58.7mg, 0.67mmol) in methanol (5.0mL)
was stirred at room temperature for 2 hours. The conversion and polymer formation were
monitored via 1H NMR spectroscopy. The resulting precipitate was collected via filtration and
dried under vacuum. This reaction was accomplished with varying ratios, in which piperazine
was in excess (25%, 50%, 75%, 100%). 1H NMR (400.9MHz, 20°C, CDCl3) 3.77 ppm (m, 4H, CH2), 3.43 ppm (m, 4H, -NCH2), 2.69 ppm (m, 16H, -CH2), 1.50 ppm (m, 4H, -CH2), 1.24 ppm
(4H, -CH2).
5.5 Endgroup Analysis of Polyimides
Endgroup analysis of polymer 59d:

A solution of 59d (34mg) containing 4-tertbutyl-benzoylchloride (0.1mL) and triethylamine
(0.1mL) in DCM was stirred at room temperature for 30 minutes. The methanol was then
removed under vacuum and the remaining residue was then characterized via 1H NMR
spectroscopy. This methodology was accomplished for all polymers with varying ratios (20%,
50%, 75%, 100%). 1H NMR (400.9MHz, 20°C, CDCl3) δ= 7.39 ppm (d, 4H [3J(1H1H)= 8.2Hz]
=CH), 7.32 ppm (d, 4H [3J(1H1H)= 8.2Hz] =CH), 3.77 ppm (m, 2H, -CH), 3.47 ppm (m, 4H, NCH2), 2.69 ppm (m, 16H, -CH2), 1.57 ppm (m, 4H, -CH2), 1.30 ppm (m, 4H, -CH2).
Endgroup analysis of polymer 59b:
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A solution of 59d (34mg), 4-tertbutyl-benzoylchloride (0.1mL), and NaOH (10M, 0.2mL) in
DCM was stirred at room temperature for 30 minutes. Upon completion, anhydrous sodium
sulfate was added to the solution to remove trace amounts of water. The methanol was removed
under vacuum and the residue was then analyzed via 1H NMR spectroscopy. This methodology
was accomplished for all polymers with varying ratios (20%, 50%, 75%, 100%). 1H NMR
(400.0MHz, 20°Cm CDCl3) δ= 7.39 ppm (d, 4H [3J(1H1H)=8.3Hz] =CH), 7.31 ppm ( d, 4H
[3J(1H1H)= 8.3Hz] =CH), 3.78 ppm (m, 2H, -CH), 3.68 ppm (m, 4H, -NCH2), 2.67 ppm (m, 16H,
-CH2).
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